This study was designed to elucidate the cellular basis of risk of or protection from nephropathy in patients with type 1 diabetes. Entry criteria included diabetes duration of >8 years (mean duration, 22.5 years) and glomerular filtration rate (GFR) >30 ml ⅐ min -1 ⅐ 1.73 m -2 . Patients were classified, on the basis of the estimated rate of mesangial expansion, as "fast-track" (upper quintile) or "slow-track" (lower quintile). A total of 88 patients were normoalbuminuric, 17 were microalbuminuric, and 19 were proteinuric. All three groups had increased glomerular basement membrane (GBM) width and mesangial fractional volume [Vv(Mes/glom)], with increasing severity from normoalbuminuria to microalbuminuria to proteinuria but with considerable overlap among groups. Vv(Mes/glom) (r ‫؍‬ 0.75, P < 0.001) and GBM width (r ‫؍‬ 0.63, P < 0.001) correlated with albumin excretion rate (AER), whereas surface density of peripheral GBM per glomerulus [Sv(PGBM/ glom)] (r ‫؍‬ 0.50, P < 0.001) and Vv(Mes/glom) (r ‫؍‬ ؊0.48, P < 0.001) correlated with GFR. Vv(Mes/glom) and GBM width together explained 59% of AER variability. GFR was predicted by Sv(PGBM/glom), AER, and sex. Fast-track patients had worse glycemic control, higher AER, lower GFR, more hypertension and retinopathy, and, as expected, worse glomerular lesions than slow-track patients. Thus, there are strong relationships between glomerular structure and renal function across the spectrum of AER, but there is considerable structural overlap among AER categories. Given that normoalbuminuric patients may have advanced glomerulopathy, the selection of slow-track patients based on glomerular structure may better identify protected patients than AER alone. Diabetes 51:506 -513, 2002
O
nly a subset of patients with type 1 diabetes develop clinical diabetic nephropathy (DN) (1, 2) . Although related to glycemia, DN risk is, in large part, genetically determined (1, 3) . Family studies have shown strong concordance for the risk of DN (3) (4) (5) (6) , as well as concordance for the severity and patterns of diabetic glomerular structural lesions among sibling pairs with type 1 diabetes (7), consistent with major gene effects in the pathogenesis of DN. Skin fibroblasts (SF), after multiple in vitro passages, demonstrate behaviors that correspond to DN risk. SF behaviors are also highly concordant in sibling pairs who have diabetes (8) and have been shown to be concordant for both DN risk and lesions (7) .
The central abnormality in DN is renal extracellular matrix (ECM) accumulation, especially in the mesangium (Mes) (9) . Increase in glomerular basement membrane (GBM) and tubular basement membrane (TBM) width and Mes matrix (MM) expansion, all representing ECM accumulation, are hallmarks of DN. Because renal lesions can develop for years despite normal kidney function (10 -12) , kidney biopsy is important in understanding early factors in DN risk. At later stages, when lesions are more advanced (13) , forces that drive renal functional decline may be separate from factors that are responsible for earlier diabetic lesions (14 -16) .
This study aimed to detect cellular markers of DN risk in SF and thereby to formulate pathogenetic hypotheses for the mechanisms involved in ECM accumulation and to identify candidate DN genes (17) . This study of highly characterized patients with type 1 diabetes, while also evaluating renal functional parameters, used renal structure factored for diabetes duration as the key determinant for the categorization of the DN risk. This strategy allows uniform classification despite variations in diabetes duration and elimination of patients with normal renal function but rapidly developing renal lesions from a group selected to be at low risk of developing DN.
The design of the cellular studies is based on the partitioning of 125 patients with long-standing type 1 diabetes into two groups: the upper quintile, with rapid development of lesions, and the lower quintile, with slow development of DN lesions. These groups were chosen to maximize the ability to detect differences in cellular variables associated with DN risk with the aim that these cellular differences could add to the predictive value of currently available tests, such as the albumin excretion rate (AER). This article describes the study design and the characteristics of the total cohort from which the patients with rapid ("fast-track") and slow ("slow-track") development of DN lesions were selected. In addition, we describe the renal structural-functional relationships in this large cohort of patients with long-standing type 1 diabetes as well as the clinical and glomerular structural characteristics of fast-track and slow-track patients.
RESEARCH DESIGN AND METHODS
Patients. Patients with type 1 diabetes who had kidney biopsies performed between 1991 and 2000 either as part of their evaluation for pancreas transplantation or as members of a study of renal structure and function in sibling pairs with type 1 diabetes were eligible for this study. To be included, patients needed to have adequate tissue from kidney and skin biopsies. Additional eligibility criteria were diabetes duration of at least 8 years so that duration was adequate to access the rate of development of DN lesions, serum creatinine Ͻ2.0 mg/dl, and glomerular filtration rate (GFR) Ͼ30 ml ⅐ min -1 ⅐ 1.73 m -2 to avoid the study of end-stage DN. Patients with other kidney diseases were excluded. None of these patients were included in previous publications of renal structural-functional relationships in type 1 diabetes. In addition, electron microscopy (EM) morphometry was carried out by currently used methods (10) and not by those initially used in our laboratory (13) . A total of 25 age-and sex-matched normal subjects who had skin biopsies performed were used as control subjects for the cellular studies. These studies were approved by the Committee for the Use of Human Subjects in Research of the University of Minnesota. Informed consent was obtained from all participants before each study. The patients were admitted in the General Clinical Research Center (GCRC) at the University of Minnesota, where renal function studies, percutaneous kidney biopsy, and skin biopsy were performed. Kidney function studies. Blood pressure levels were assessed by trained observers using an oscillometric automatic monitor while the patients were in the GCRC. The mean value of multiple measurements was used to calculate systolic blood pressure (SBP), diastolic blood pressure (DBP), and mean blood pressure (MBP). Hypertension was defined as blood pressure levels Ն130/85 mmHg (18) or use of antihypertensive medication. HbA 1c was measured by high-performance liquid chromatography (HPLC). Serum and urinary creatinine were measured by an automated method using the Jaffe reaction. AER was assessed from three 24-h sterile urine collections by a fluorometric assay (19) . Patients were classified as normoalbuminuric (AER Ͻ20 g/min), microalbuminuric (AER 20 -200 g/min), or proteinuric (Ͼ200 g/min) depending on at least two of three AER measurements being in the same range. Patients who were known to be microalbuminuric or proteinuric before antihypertensive treatment was begun were classified according to their pretreatment AER values. The median AER value for each patient was used for the analyses. AER data were not available for one patient. GFR was estimated by iothalamate clearance using four timed urine and blood collections or by Iohexol plasma clearance. These two methods of GFR determination are highly correlated (20) . The mean of three 24-h creatinine clearances carefully performed by the GCRC nursing staff was taken as a GFR estimate in patients studied several years ago. We previously demonstrated that GCRC creatinine clearances are highly correlated with classic inulin clearances (21) . Retinal studies. Retinopathy was assessed by indirect funduscopy and classified as absent, background, or proliferative. Retinopathy was not evaluated in two patients. Renal structural studies. Percutaneous kidney biopsy was performed with ultrasound guidance under local anesthesia. Renal tissue was processed for light microscopy and EM. Morphometric analyses. Tissue processing. EM tissues were processed as detailed elsewhere (10) . Briefly, kidney tissue was fixed in 2.5% glutaraldehyde in Millonig's buffer and embedded in Polybed 812. Ultrathin sections were examined with a JEOL 100CX electron microscope (Tokyo, Japan). A calibration grid was photographed with each glomerulus. Between 10 and 20 evenly spaced micrographs were obtained 11,000ϫ for measurement of GBM width and for Mes composition. Micrographs at 3,900ϫ were constructed into a montage of the entire glomerular profile for measurements of the fractional volume of glomeruli occupied by Mes [Vv(Mes/glom)] and the surface density of the peripheral GBM [Sv(PGBM/glom)]. EM measurements. Having at least two nonsclerotic glomeruli per biopsy in the EM blocks was an entry criterion for this study. Glomeruli were evaluated for 1) GBM width by the orthogonal intercept method (22) ; 2) Vv(Mes/glom) on the low-magnification montages by point counting (10); 3) Mes components using a grid over the high-magnification micrographs, where points falling on MM and mesangial cell (MC) were noted, and percent of glomerulus occupied by MM and MC were calculated (9); and 4) Sv(PGBM/glom), estimated on the low-magnification montages using intercept counting (10) . The rate of development of DN was determined by the estimated rate of mesangial expansion, using mesangial expansion score (MES), defined as [measured Vv(Mes/glom) Ϫ mean normal Vv(Mes/glom)]/diabetes duration in years ϫ 100. Reference values for glomerular structural parameters were derived from 76 age-and sex-matched normal living kidney transplant donors. These subjects (33 men) were 37.6 Ϯ 12.1 years of age (19 -64 years). The mean Ϯ 2 SD of the measurements obtained in these patients were used to define the reference range for glomerular structure. Cellular studies. Skin biopsy was performed with a 3-mm punch at the kidney biopsy site in diabetic patients and in a similar location in control subjects.
Patients were ranked, for the purpose of the cellular studies, according to their MES. Patients with diabetes and slow or rapid development of DN lesions were designated slow-track or fast-track, respectively. Fast-track patients are the highest quintile and slow-track patients the lowest quintile of estimated MES. Statistical analyses. On the basis of preliminary studies, it was estimated that 25 patients per group (fast-track patients, slow-track patients, and control subjects) would provide 80% power (assuming a 0.05 two-sided probability of type I error) of detecting group differences in the SF mRNA expression levels of genes that could be related to DN.
Results are presented as means Ϯ SD. AER, not normally distributed, is presented as median and range. Values for AER were logarithmically transformed before analysis. Patients were classified according to their AER category. ANOVA was used to compare continuous variables between control subjects and normoalbuminuric, microalbuminuric, and proteinuric patients. Fisher's least significant difference procedure was used to perform multiple comparisons between groups; tests were made at the 0.05 level of significance only when the overall F test was significant. Discrete variables were compared by 2 . Pearson's correlation coefficient was used to evaluate the relationships between the variables studied. Multiple linear regression analyses were used to identify the predictors of AER, GFR, Vv(Mes/glom), and MES. Student's t tests and 2 tests were used to compare clinical and structural parameters (MES) between fast-track and slow-track patients. ANOVA and Fisher's least significant difference procedure were used to compare structural variables between control subjects and fast-track and slow-track patients. P Ͻ 0.05 was considered statistically significant.
RESULTS
Total cohort of patients with long-standing type 1 diabetes. The mean age of the 125 patients (53 men) was 37.6 Ϯ 9.3 years, the mean age at diabetes onset was 15.1 Ϯ 9.4 years, and the diabetes duration was 22.5 Ϯ 10.0 years. HbA 1c at the time of biopsy was 8.5 Ϯ 1.6%. Median AER was 8.9 g/min (1.8 -4,630 g/min). Of the 125 patients, 88 were normoalbuminuric, 17 were microalbuminuric, 19 were proteinuric, and 1 could not be classified. GFR ranged from 33 to 166 ml ⅐ min -1 ⅐ 1.73 m -2 . Retinopathy was present in 83 of 123 patients (67%); 38 (31%) of 123 had proliferative changes. Hypertension was present in 56 of the 125 patients (45%); 31 were receiving antihypertensive drugs at the time of the studies, and 21 angiotensin-converting enzyme inhibitors (ACEI) or angiotensin II type 1 receptor blockers (AIIRB). Demographic and clinical characteristics of patients with long-standing type 1 diabetes. Demographic and clinical characteristics of the 124 patients with type 1 diabetes classified according to their AER category are summarized in Table 1 . Sex distribution and age were not different among normoalbuminuric, microalbuminuric, and proteinuric patients with type 1 diabetes. Normoalbu-minuric patients were older than microalbuminuric (P ϭ 0.008) or proteinuric (P ϭ 0.001) patients at diabetes onset. Normoalbuminuric patients had shorter diabetes duration (P ϭ 0.001) than proteinuric patients, but duration was not significantly different between normoalbuminuric and microalbuminuric patients (P ϭ 0.391) or between microalbuminuric and proteinuric patients (P ϭ 0.073). HbA 1c was lower in normoalbuminuric than in microalbuminuric (P ϭ 0.003) or proteinuric (P ϭ 0.0002) patients, whereas microalbuminuric and proteinuric patients had similar HbA 1c values. Hypertension was more frequent in proteinuric than in normoalbuminuric (P Ͻ 0.0001) or microalbuminuric patients (P Ͻ 0.037) and also more frequent in microalbuminuric than in normoalbuminuric patients (P Ͻ 0.012). Proteinuric patients had higher SBP and DBP than normoalbuminuric (P Ͻ 0.001 for both comparisons) or microalbuminuric patients (P ϭ 0.002 and P ϭ 0.027, respectively). Renin-angiotensin system blockers (ACEI or AIIRB) were used in the same frequency by normoalbuminuric, microalbuminuric, or proteinuric hypertensive patients. As expected, serum creatinine was higher and GFR lower in proteinuric versus normoalbuminuric or microalbuminuric patients (P Ͻ 0.001 for all comparisons). Retinopathy in normoalbuminuric patients was less frequent than in proteinuric patients (P ϭ 0.003) and tended to be less frequent than in microalbuminuric patients (P ϭ 0.10). There was a significant increase in the prevalence of proliferative retinopathy in proteinuric compared with normoalbuminuric (P Ͻ 0.0001) or microalbuminuric (P Ͻ 0.001) patients. Glomerular structure of patients with long-standing type 1 diabetes. Two to six glomeruli (3.2 Ϯ 0.7) were evaluated per patient. There was a wide range of glomerular lesions among these patients with long-standing type 1 diabetes, varying from measurements in the normal range to advanced disease (Table 2) . GBM width was increased in 74.4% of diabetic patients (P Ͻ 0.0001 versus control subjects). Vv(Mes/glom) varied from normal (0.14 -0.26) to nearly three times normal and was also greater than in control subjects (P Ͻ 0.0001). All mesangial components, MM (P Ͻ 0.0001), MC (P Ͻ 0.0001), and MM/(MMϩMC) (P Ͻ 0.001), were increased in the glomeruli of these patients with diabetes compared with control subjects, and Sv(PGBM/glom) was decreased when compared with control subjects (P Ͻ 0.0001). Table 2 shows the glomerular structural values according to AER categories. GBM width (Fig. 1) , Vv(Mes/glom) (Fig. 2) , Vv(MM/ glom), and Vv[MM/(MMϩMC)] were increased and Sv(PGBM/glom) was decreased in each of the AER categories of patients with diabetes compared with control subjects (Table 2) . Vv(MC/glom) was greater in proteinuric (P Ͻ 0.0001) and microalbuminuric patients (P ϭ 0.009) versus control subjects, whereas the comparison of control with normoalbuminuric patients (P ϭ 0.13) did not reach statistical significance. GBM width increased progressively with increasing AER class from normoalbuminuria to microalbuminuria (P Ͻ 0.0001) or proteinuria (P Ͻ 0.0001) and from microalbuminuria to proteinuria (P ϭ 0.002). Vv(Mes/glom) also increased progressively from normoalbuminuric to microalbuminuric (P ϭ 0.003) or to proteinuric (P Ͻ 0.001) patients and was also greater in proteinuric versus microalbuminuric patients (P Ͻ 0.0001). The mesangial components, MM and MC, were also increased in proteinuric versus normoalbuminuric (P Ͻ 0.0001 for all comparisons) and microalbuminuric (P Ͻ 0.0001 and P ϭ 0.0005, respectively) patients. MM was greater in microalbuminuric versus normoalbuminuric (P ϭ 0.007) patients. Vv[MM/(MMϩMC)] was increased in proteinuric compared with normoalbuminuric patients (P ϭ 0.002). Sv(PGBM/glom) decreased with increasing in AER levels (P Ͻ 0.0001) but was not different between normoalbuminuric and microalbuminuric patients. MES increased progressively from normoalbuminuria to microalbuminuria (P ϭ 0.01) or proteinuria (P Ͻ 0.0001) and from microalbuminuria to proteinuria (P ϭ 0.001). Despite highly statistically significant differences, there was substantial overlap in glomerular structure among the normoalbuminuric, microalbuminuric, and proteinuric groups ( Figs. 1 and 2 ). Structural-functional relationships of patients with long-standing type 1 diabetes. AER was inversely correlated with age at diabetes onset (r ϭ Ϫ0.32, P Ͻ 0.001) and GFR (r ϭ Ϫ0.47, P Ͻ 0.001) and directly correlated with diabetes duration (r ϭ 0.30, P Ͻ 0.001), MBP (r ϭ 0.48, P Ͻ 0.001), HbA 1c (r ϭ 0.35, P Ͻ 0.001), and serum creatinine (r ϭ 0.56, P Ͻ 0.001). Conversely, GFR was inversely correlated with diabetes duration (r ϭ Ϫ0.29, P ϭ 0.001), MBP (r ϭ Ϫ0.21, P ϭ 0.019), and serum creatinine (r ϭ Ϫ0.60, P Ͻ 0.001). Clinical variables were also related to glomerular structure. Age was inversely related to GBM width (r ϭ Ϫ0.27, P ϭ 0.003), whereas age at diabetes onset and diabetes duration were related to all structural variables. Age at onset was directly related to Sv(PGBM/glom) and inversely related to the other structural variables, and diabetes duration was inversely related to Sv(PGBM/glom) and directly related to the other structural variables. SBP, DBP, and MBP were related to all glomerular structural parameters. MBP correlated with Vv(Mes/glom) (r ϭ 0.32, P Ͻ 0.001), Vv(MM/glom) (r ϭ 0.31, P Ͻ 0.001), GBM width (r ϭ 0.23, P ϭ 0.009), and MES (r ϭ 0.23, P ϭ 0.009). When the 21 patients who were receiving ACEI or AIIRB were excluded from these analyses, SBP but not DBP remained significantly correlated with Vv(Mes/glom) (r ϭ 0.26, P ϭ 0.007) and Vv(MM/glom) (r ϭ 0.24, P ϭ 0.013). Vv(Mes/glom) (r ϭ 0.75, P Ͻ 0.001; Fig. 3 ) and GBM width (r ϭ 0.63, P Ͻ 0.001; Fig. 4 ) correlated with AER across the entire range, from normoalbuminuria to proteinuria. Sv(PGBM/glom) had a negative correlation with AER (r ϭ Ϫ0.62, P Ͻ 0.001). The glomerular fractional volume of the mesangium components (MM [r ϭ 0.71, P Ͻ 0.001] and MC [r ϭ 0.50, P Ͻ 0.001]) and MES (r ϭ 0.63, P Ͻ 0.001) were also correlated with AER. All parameters of glomerular structure were related to GFR. The strongest relationships between GFR and glomerular structure were with Vv(Mes/glom) (r ϭ Ϫ0.48, P Ͻ 0.001), Vv(MM/glom) (r ϭ Ϫ0.53, P Ͻ 0.001), and Sv(PGBM/glom) (r ϭ 0.50, P Ͻ 0.001; Fig. 5 ). The In multiple linear regression analysis, Vv(Mes/glom) and GBM width explained 59% of the variability in AER (P Ͻ 0.001). When clinical parameters were added to the model, 65% of AER variability (P Ͻ 0.001) was explained by Vv(Mes/glom), GBM width, and MBP, and this was independent of renin-angiotensin system blockade. The other variables studied, HbA 1c and sex, were not significant and were excluded from the model. The same results were obtained when hypertension instead of MBP was used as an independent variable (r 2 ϭ 0.64, P Ͻ 0.001). Also, 33% of the variability in GFR was predicted by Sv(PGBM/ glom), AER, and sex (P Ͻ 0.0001), whereas Vv(Mes/glom), GBM width, diabetes duration, HbA 1c , and MBP were not independent GFR predictors. The same results were obtained when age instead of diabetes duration was included as an independent variable.
Clinical variables also predicted glomerular structure. Thus, AER and GFR predicted Vv(Mes/glom) (r 2 ϭ 0.58, P Ͻ 0.001), whereas AER, age, and retinopathy (present/ absent) predicted MES (r 2 ϭ 0.45, P Ͻ 0.001). Demographic, clinical, and glomerular structural characteristics of fast-track and slow-track patients with type 1 diabetes. Fast-track patients were not different from slow-track patients regarding sex, age, age at diabetes onset, and diabetes duration (Table 3) . Fast-track patients had higher HbA 1c , DBP, MBP, serum creatinine, and AER and lower GFR than slow-track patients. All but two slow-track patients were normoalbuminuric, whereas 16 of the 25 fast-track patients were microalbuminuric (5 patients) or proteinuric (11 patients). Hypertension was present in 24% of the slow-track and in 76% of the fast-track patients. Proliferative retinopathy was present in only 2 of 25 slow-track versus 13 of 25 fast-track patients (P Ͻ 0.001; Table 3 ). All glomerular structural parameters in Table 4 were different from normal in the fast-track patients (all P Ͻ 0.0001). In contrast, whereas GBM width (P Ͻ 0.0001), Vv(MM/glom) (P ϭ 0.019), and Vv[MM/(MMϩMC)] (P Ͻ 0.0001) were increased in slowtrack patients compared with control subjects, Vv(Mes/ glom) (Fig. 6) and Sv(PGBM/glom) were not different from normal. As expected, fast-track patients had much more advanced glomerular lesions than slow-track patients (Table 4; Fig. 6 ). MES was, by definition, greater in fast-track than in slow-track patients.
DISCUSSION
This is the largest single-center study using uniform tissue processing and measurement methods to evaluate structural-functional relationships in patients with long-standing type 1 diabetes and wide ranges of renal structure and function. Grouped according to their AER class, ages were similar but proteinuric and microalbuminuric patients were younger at diabetes onset than normoalbuminuric patients, whereas duration was longer in the proteinuric group. These results could be interpreted as consonant with published evidence against the hypothesis that the prepubertal years of diabetes are protected from nephropathy (23) . However, the rate of development of lesions may not be linear over time, and longitudinal biopsy studies of children and adults will be necessary to answer this question.
This study confirmed the relationships of glycemia to the risk of diabetic complications (24) ; at the same time, the results suggest that other variables are of equal or greater importance in influencing nephropathy risk. Although blood pressure values were similar in normoalbuminuric and microalbuminuric patients, the prevalence of hypertension and antihypertensive treatment was greater in the microalbuminuric patients, potentially masking blood pressure differences. Blood pressures were highest, as expected (13), in proteinuric patients, despite that almost all patients were receiving antihypertensive therapy. Correlations, albeit weak, were seen between blood pressure and glomerular structure in the entire cohort, confirming earlier studies (25) . Several studies have explored the relationships between blood pressure and the development of DN. The risk of developing microalbuminuria (26) and proteinuria (27) seems to be increased in patients with higher levels of blood pressure. Also, the use of antihypertensive drugs, particularly ACEIs, may slow the progression of renal disease in patients with type 1 diabetes (28, 29) , and similar results were obtained with AIIRB in type 2 diabetes (30 -32) .
Some debate still remains as to whether diabetic glomerular lesions are present in normoalbuminuric patients with type 1 diabetes (33, 34) . This study, evaluating a new subset of patients, confirmed that normoalbuminuric patients can have advanced glomerular lesions as well as other clinical findings of renal disease, including low GFR and hypertension (10, 35) . This could explain why some normoalbuminuric patients with long-standing type 1 diabetes progress to proteinuria (36 -38) . In fact, initial results of a 5-to 17-year follow-up study of normoalbuminuric patients with long-standing diabetes showed that those who progressed to microalbuminuria or proteinuria had worse glomerular lesions at baseline than those who remained normoalbuminuric (39) . Also, in longitudinal studies of microalbuminuric patients with type 1 diabetes, Bangstad et al. (40) found that GBM width at baseline biopsy was predictive (r 2 ϭ 0.67, P Ͻ 0.0001) of AER after 6 years of follow-up, whereas Vv(Mes/glom) was a significant but less precise predictor. Although these longitudinal renal structural studies suggest that biopsies could add to the predictive value of AER for diabetic nephropathy risk, much more work would need to be done before this could be clinically applicable. Moreover, given the impracticability of broad clinical adoption of renal biopsy and EM morphometry to large patient populations, the studies described here seek to identify cellular markers of risk that could improve predictive precision.
As described here and elsewhere (10), there was a wide range of glomerular lesions in microalbuminuric patients, and, despite having more advanced lesions than normoalbuminuric patients, there was considerable overlap between these two groups for all glomerular parameters studied. Considering these findings, it is not surprising that only ϳ30 -45% of microalbuminuric patients with longstanding type 1 diabetes will progress to proteinuria during 6 -10 years of follow-up (36 -38,41) , whereas ϳ20% of long-standing normoalbuminuric patients will progress to microalbuminuria or proteinuria during this follow-up interval (36 -38,42,43) . Conversely, microalbuminuric patients more frequently had hypertension and proliferative retinopathy compared with normoalbuminuric patients, and, for many patients, microalbuminuria is a late indicator of DN risk. Glomerular lesions, as expected, were even more advanced in proteinuric patients and decreased GFR, hypertension, and retinopathy were more frequently observed in these patients, paralleling the high risk of progression to end-stage renal disease and blindness in these patients. There were strong correlations between structure and AER across the entire range from normoalbuminuria to proteinuria, and a large part of the AER variability was explained by two glomerular structural variables, Vv(Mes/ glom) and GBM width. The strength of these relationships, occurring despite the known day-to-day variability in AER, suggests that functional manifestations of DN may appear earlier than heretofore appreciated and that progressive changes in AER, even within the normoalbuminuric range, could be significant (10, 11, 38, 39) . Higher values of AER, still in the normoalbuminuric range, have been associated with increased risk of progression to microalbuminuria and proteinuria (42,44 -46) . We also observed that there was an increase in AER levels with worsening of glomerular structure within the normoalbuminuric range, albeit that the correlations of AER in this range with glomerular mesangial structure were weaker. However, some variability in AER remained unexplained by our studies and other structural variables, such as percentage of glomerular sclerosis, arteriolar hyalinosis and interstitial fibrosis, epithelial cell structure, and glomerular capillary wall biochemistry, need to be studied in these patients. GFR also correlated with structural variables, although only ϳ35% of GFR variability was explained by structural and clinical parameters. Finally, clinical variables were able to predict approximately half of Vv(Mes/glom) or MES variability.
Fast-track and slow-track patients were classified on the basis of their rate of mesangial expansion (MES). Mesangial fractional volume, as confirmed in the present study (13) , is the glomerular structural parameter most closely related to the functional manifestations of DN. This study confirms that Vv(Mes/glom) is not only highly correlated with AER but also the strongest independent predictor of AER. Moreover, sequential biopsy studies (11) have shown that changes in AER over 5 years are associated with changes in Vv(Mes/glom) but not with other parameters.
Although the intent of the selection of patients in the upper and lower quintiles of MES distribution was to construct groups with different DN risk, some slow-track patients were microalbuminuric and some fast-track patients were normoalbuminuric. This is not surprising, because there was a wide range of diabetes duration among patients (8 -60 years), and some normoalbuminuric patients have advanced lesions whereas some microalbuminuric patients have mild lesions. As discussed here and elsewhere (38) , normoalbuminuria is not a precise predictor of safety from DN and microalbuminuria is not a precise predictor of DN risk in patients with long-standing type 1 diabetes. Because fast-track and slow-track patients were similar in diabetes duration, classification by MES did result in the creation of two groups that did not overlap in Vv(Mes/glom). As expected, fast-track patients had worse glycemic control and more frequently had hypertension and proliferative retinopathy than slow-track patients. Despite no increase in Vv(Mes/glom) in slowtrack patients compared with control subjects, this group had an increase in the proportion of the glomerulus [Vv(MM/glom)] and of the mesangium made up by MM. Moreover, ϳ30% increase in GBM width was observed in slow-track patients when compared with control values. These results suggest that certain structural glomerular changes occur at a very slow rate in all patients with type 1 diabetes, and these may have little prognostic significance. However, more severe GBM thickening and mesangial expansion associated with reduced filtration surface are strongly associated with the clinical manifestations of DN and with risk for end-stage renal disease.
In conclusion, this article describes clinical, renal functional, and renal structural characteristics of 125 patients with long-standing type 1 diabetes who represent the cohort from which 25 fast-track and 25 slow-track patients were selected, on the basis of rate of mesangial expansion, for studies of cellular markers of DN risk (17) . The overlap in renal structural and functional variables between the groups classified as normoalbuminuric, microalbuminuric, and proteinuric is consistent with recent observations indicating that AER alone is a strong but imprecise indicator of DN risk. The use of rate of mesangial expansion (MES) for classification into fast-track and slow-track groups has the advantage of allowing the inclusion of patients with varying diabetes duration in the cellular studies. This strategy also helps to identify, for the purpose of the cellular studies, normoalbuminuric patients who may be at risk of DN by virtue of having advanced DN lesions.
